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I. INTRODUCTION OE POOR QUALITY,

Eincles crystals are solid with the most uniform atomic
structure that can be attained. This uniformity is the basis for
a wide range of technological applications of single crystals.,
The most important feature of crystal is that 1t allows the
transmission of acoustic, electromagnetic and charged particle
with a minimal scattering. 1In particular, this transparency czan
be selectively modified by +the controlled addition of
impurities (dopants) to produce semi—-conductor materials.[1l]

Crystals are made from carefully controlled phase changes
that involve solidification of a high temperature melt (melt
growth), growth from low temperature mixture (solution growth)
and condensation of a vapor (vapor growth). In 2ll of these
methods, the the nutrient materials are in either liquid or vapor
phase. The phry=ical transport mechanism at the interface Lbetween
a nutrient fluid and the solid surface of growing crystal is
controlled by mass diffusion. The solute gradient at the
interface is , however, critically dependent upon the solute ard
thermal distribution of the nutrient fluid far away from <he
interface. This far-field flow behavior is controlied by <%he
convection which 1is produced by various physical mechanism.
Convection can be generated by the density gradients in a
gravitational field (natural convection),or by an externally
applied pressure (forced convection) or by both (mixed
convection). In a low gravity environment, surface tension driven
convection can be important when the nutrient fluid is allowed to
have a free surface. Thus, in general,the growth of crystals is a
coupled process of heat and mass transport, fluid flow , phase
transformation and chemical reactions.

Even though the technology of crystal growth is well grounded
in physical chemistry and materials science, +the treatment of
transport procecsses csometimes have been rudimentary and
gqualitative. To improve the gquality of crystals, it is apparent
that the flow characteristics at the growing intverface must be
understocd so that one can control whatever influences the
convection might have on the gquality of crystals. 8Significant
attempts have been made in recent years by fluid dynamicisis +to
understand +the complex interactions among various btransport and
physical processes in crystal growth., [{1,2,3,4]

ITZ. OBJECTIVES CF THE PRESENT RESEARCH

Much ¢f the earliery works con the study of convection in
crystal growth were Dbased on the premise +that convectica is
deleterious and +therefore should be kept minimum at all cost.
{aterials processing in a space environment would provide a low
gravity environment which will reduce buoyvancy induced nabtural
convection significantly. I% is not likely however to create a
completely acceleration free environment. A =space station in
which materials processing would cccur is subject to microgravity
due +to near earth orbit and viscous 4drag force. Diffusion

Xi1X-1
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rrocesses in  crysval growh! are usually extremely slow and
ratura. convection created Dy transient microgravity could be In
the same ocrier of magnitude., Surface tension driven nahural
convection, whizh is wusually insignificant 1in werrestrial
conditions, becomes very important in low Zravity environment
when the crystals are maie by a ~ontaineylass process. _ !l

The purpcse cf the ypresent resesroh 1S o imnitiate =1
development of a numerical mofel which can be used ©o  simulabe
cryetal growth in realiz+ic cpace envircnmen%s, The thermal and
c~1lutal fields encountered in crvstal gJrowith from solution are,
in general, three-dimencicral and <time-dependent. Transopirt
properties, such as therma. Aiffueivity, mass diffusivivy and
£iluid viscosity are i general funchtions of sclute concentraticon
and fiuvid temperature 2f the mixture. Ecliidification prooesces
gsually involve liberaticn of lz+tent heat at the interfsce. Also,
rate of =olidificaticn depends on cegregaticn (distributicon)
ccefficient, whizh in +turn depencs on fouid *emrperature. A full
ccale three-dimensional model «hich 2T0IUnTE foy z_. *hescse
rhysical conditions 1s nov wayyanted until =zufficient analyses
of simplified two-dimensicnal cituations are performed.

A= a first =ten , a “wo—dimensicnal, rime—Zfependent natural
convecticon driven by towh thermal and szlutal bucvancy forces is
celected irn t-is researzh . Iven though thie physical mcdel  Is
far simpler than the acital prooesses, i+ ehould provide insighits
into the complex inweracticns Letween +hermal and solutal
~onvections enc-ountered in crystal growth. Tewziled descriptions
on the physical model and aprrcpriate eguaticns are presented i
cection III. Numerical results are presented in SE0TICL z
followed by <conclusicns  and recconmendations 1n  SeCLiIn Y

TIZ. FORMULATIONS

Twa—-dimensional thermal and solutal conveaticn across 32
rectangular cavity is depicved in Figure 1. The vertigal walls
are maintainted at isothermal a=nd urnifosrm mass-fracticzn  cof
component A and the horizantal walls are assumed to be adiabazic
and impermeable to mass diffusion. The fiuid in the ocavity IS
made of two components of liguid f(esav, 2 and By with Zifferent
molecular weights. Heat +yansfer ococours frcm the ~igh
temperature surface (left walld =z =he low temperature curiace
{(right wall). Mass transfer of species A alsc ocours frim “he
i1eft surface where the mass ~oncentration of A is Sigher * at
the right surface. I+ is assumed Thav 11 surfaces ars
impermeable to species B. One might consider species & %o e a
dopant in melt growth or crystal material in vapoy oY sgiuticn
growth. Relative iceation of higher temperature wall ani highser
concentration surface is immaterial.

Thermal conduction occurs from the hov surface to the fluiZ
and +the +temperature of the fluid increases over its initial
value. Since the volume cof most fluid expands as increasing

X1X-2
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temperature, density of +the fluid becomes less +than 1its
surrounding fliuid. Lighter fluid elements rise up when the
gravity act along downward. This Dbucoyancy force sets the

onvective flow motion within the cavity. Buovancy force will act
along the downward directicn next to the cold surface at the

right Uniess +the initial temperature difference between the
walls and flu*d is large, =nhe amount of heat transfer is small
and the density change is aimost negligible. This is known as the
Boussinesg approxlmatlcn. Mass diffusion freom the left surface
o the fluid will have simiiary effects cn the flow field. Suppose
speclies A has higher molecular weight than species B. Then
diffusiuvon of species & inte the fluid will increase the density
of the mixture and the soclutal buovancy force will act downward
near the left wall., If the mcolecular weight of species & 1s lower
than B, %h soiutal buoyancy force will be in the opposite
direction. Since the mass diffusion through liquid is extremely
=low, Boussinesg approximation can be invoked for mass transfer
8 wWelii.

The governing equati:ns for the conservation of mass,
momemtin, energy and species A can be expressed by a generalized
transport equaticn of the form

iﬁ+_3_[/ou¢- 2t +l[fw¢-rzf]=9. (1)
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Figure 1. Geometry of the cavity
Table 1. Components of governing equations
$ r S
Mass { o o
p-
X= rmomentum w /-«L - Pax
g—momcn‘h«ln J /A. -B_F— + ( _To) o
5§ TLI(TETO 4 pad, (- wy)
€
Energy E /Cv o
Covcewtra-
tion (Mag) | Wa o
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initigl anf Beundary Conditicns

Initial and Dboundary conditions depend on the physical
problems under consideration. Two types of initial conditions are
considered; one corresponds to a static equilibrium condition
and +the cther correcsponds to a steady-state thermally driven
natural convecticn. For the static initial conditions

WX, 9, t=e) = V(x, 4, t=e) = O

/9 (%, 9,t=0) = /0°

T (%3, t=0) = T° (4)

WA (X, :’{:o) = WAo

Bagrdary ccnditions are fixed for all numerical results
reported in this paper. They are

T x=2,4,t)= Ty , Tx=L, 9, t)=T.
Wa(x=o,y,t) = Way = Wa(x=1, 4 ¢)= Wy,

(S)
B-r BT éWA )WA
~ = = — =0
34 TSy 2% Y
x;j—o,t x}:,:H)t- xl vzo’c x}3=H;t
Nondimensiona.l Farameters
The present numerica thod utilizes primitive variables in
dimensional forms. It is conv Exlen+ however, +c introduce
appropriate flow characteristics into *he governing equations to

cbtain important nondimensicnal parameters which govern the flow.

Numerical and experimental data presented in nondimensional

parameters are universal and can be used to infer other similar

pr:“lems with different fluid properties and physical geometries.
Nondimensional variables are defined by

&, X ~ 3 i /{\:/ t ~ w
R TR s s e
v ~ -r_T° o
~ . - “ We-w
U"u, ’ T= D Wp = —2

AT 4wy

(6)

Introducing these nondimensional variables into the governing

X1X-5



equations (1), i can be resadily shown that neondimensiconal

egquations contai five nondimensional parameters. They =zare;
aspect ratio (a), thermal Grachoff number (Gr ¥, =clut Srashoff

number (Gr ), Prandti number (P
Numerical vresults will be presen
gquantities.

x“fN

Numerical Method

The numerical method used for the present study is
volume metheod based on the SIMPLE algorithm,. 52 Eince a8 det
description on the essence of SIMPLE can ke found in a
[S5], it will not%t be discuscsed in this report.

The SIMPLE method, 1in principle, can be applied to be
speed flow as well as low speed flow by using a proper e
of state and including the density variations due to the p
change. These modifications were added %o the origin x
method and the vrevised methcoc? were successfully aprlied
transient acoustic wave propagaticon in a water hammer "&£
transient natural cecnvecticn in a square cavity [71.

Physical and Numerizal Parameters

Physical and numerical parameters used for the present
are 1listed in Table Z. Physical properties are selected =
give representitive thermal and solutal Grashof numbers, Fr
and Schmidt numbers encountered Iin sclution growb! cnder
terrestrial conditions. Thus these values may not represent =
actual crystal growth envircnment. Numerlcal parameters are
selected (by +trial and errcr) such that ither the =sclutic
approaches to +the true scliution (if "*5t=) oY converges ¢
steady or quasi-steady soluticon within a reasonabkle ceomputil
time.

-
-

el
[T

Numerical Results

Four different cases are simuliated 4o investigate <the
effects of thermal and solutal convections ani +heir
interactions.

CASE 1: Thermal convection : Nondimensional parameters used fcor

this case are

&r

Y
F> X0 5 Geu=o; P07 5 A= 063
R‘T 6»36}"0‘

[l

This case 1is studied first tc check the accuracy of the
numerical code developed. Thermally driven natural cenvecticn in
X1X-6 ORIGINAL PAGE IS
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rectangular gecometries are extensively studied and the present
results can be easily checked against existing data.

Numerical accuracy and computational economy depend on the
cheoice of computational mesh arrangement. Since the driving force
for +the present convection comes from the vertical walls.The
resulting buoyancy driven convection will form +thermal and
momentum boundary layers. It is therefore necessary to have fine
grids near the vertical walls. Invoking scale analysis for +the
boundary layer regime [81, the thermal boundary layer thickness
is

-4 -3

~ HR T 2.67K10 m
or °T ! ‘ (8)

The ==sh size at the vertical walls therefore should be small
erough that at least one computational mesh should be placed
within this Dboundary layer. The mesh arragement along the x-
direction is given by

OXopo = OX (14 DXy D

1 (9)
, where 5&, is the first mesh size and Axﬂr is the percent
increment. The mesh arrangement near the horizontal walls need
not be as small walls since the horizontal walls are adiabatic
and +the momentum boundary layer is thicker +than the thermal
boundary layer {( Pr > 1.0}, Grid expansion along the y-direction
is similar to u-direction. Number of trial runs were made before
settling to the mesh arrangement as shown in Figure 4a. Total 26
{X-direction) by 20 (Y-direction) meshes were used 1in all
subseguent computations. {Actually, the first mesh size near the
vertical walls are much larger than the thermal boundary layer
thickness. However, sclutal boundary layer thickness, discussed

later, dictates this size.)

Figure Z shows transient behavior of rate of energy transfer

across the cavity evaluated at the center of the cavity. Nusselwd
number is defined by
Qy
N“é = ke
HT AT (10)

where (QH represents the total energy flux given by

H . >T
QH:J [/DLLCF(T-T ) _“z_x_)] AJ. (11)
° X

L
=3

XI1X-7
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Table Z. Physical and Numerical Parameters

Parameters Values Timension
e - x 2
CV, CP =_z=z m /3 - K
M E.SSE-Z 9/ m- s
7p° 1000 18/ w2
9 9.81 m)s
Pz &£.CE-4 K !
/o(A +C.27¢& diwmensim less
-0.276
K 5.0 k§-»/k-s3
T° s00 K
Wa 0.9 dimens;onless
AT 10 K
AWa 0.2 dimens;omless
Das 4,0E-9 m¥/s
H 0.103EB4 "
L 0.185zZ¢6 m
., &y, .0005 - 0. m
It 0.2 - 5.0 s
g 1.0E-3 dirniensimless
p Ny
30
-—--18]
Present /
20 -
o L A

Figure 2. Transient Nusselt Number (Case 1)

XI1X-8
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Nusselt number increases rapidly as the hot and cold fluid
intrude +the +top and bottom portions of the cavity. Energy
transfer 1is at the maximum when the convection velocity reaches
the maximum at +this early stage of +transient convection.
Numerical solution exhibits oscillatory horizontal flow speed.
These oscillations are mainlyresponsible the oscillatory Nusselt
number. Oscillatory energy transfer across a square cavity was
theoretically predicted by Patterson and Imberger [9] and was
numer ically gonfirmed.[7,8] Oscillation periods end amplitudes
for +the present case (a=0.53) are different from those for a=1.0
reported in ref([7,9].

Steady-state Nusselt number computed by the present
simulation 1is about 27. Bejan [8] obtained the analytical
solutions for the boundary layer regime with Pr)>1. Figure 3
shows the average Nusselt number obtained by his solutions. Using
his results, +the average Nusselt number for the present case is
about 29, which 1is in reasonable agreement with the computed
value.

0.5 T TTTTI] T T T TTTI T TTTTT

Nu
1/
Ra "‘

L
H
|

— <

0 L1l L1 1anut Lol iaiu
1 10 100 1000

(H/L)¥? Ra})?

Figure 3. Nusselt number correlations [8]

Figure 4 shows the global view of steady-state flow and
temperature fields for Case 1. Very thin thermal and momentum
boundary layers are developed at the vertical walls. Temperature
in the core regions are highly stratified and isotherms are
almost parallel., Most of the fluid in the core is relavively
stagnant. :

Figure 5 shows the temperature and velocity profiles at two
selected spatial locations in the cavity. Figure Sa shows the
vertical velocity and fluid temperature at a horizontal plane
located at the mid-height of the cavity. Thermal boundary layer
is located within the momentum boundary layer and the over-all
boundary layer thickness is in the order of % of the cavity
width. Figure 5b shows the horizontal velocity and temperature of
the fluid at% the vertical plane located at the mid-width of the
cavity. Magnitude of horizontal velocity and temperature
distribution at this plane as shown in Figure 5b determines the
energy transfer rate across the cavity. Note that the vertiecal

velocity is order of magnitude higher than the horizontal velocity.

XIX-9
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Figure 4. Steady-state velocity vector (a), stream lines (b)
and isetherms (c) for Case 1
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CASE 2: Solutal convection: Nondimensional parameters used
this case are

6 .
Qry= - 83 %100 5 § =0 S. = 2140 . A=o0,53

1o .
Rayy = 1178 x10 (12
Nondimensional <solute concentraticn equation is identical wo
the nmnondimensional energy equaticn except +the Schmidt rnumber
appears in place of the Prandtl number. By virwue of <*this
analogy between egquations, average mass transfer of speciles A
across the cavity can be determined by using the Nusselt number
correlations with simple replacement of nondimernsicnal parameters
such as
Pr > Sc Gr__ » OGr Nu > Zh I
T M
Using the results of Nusselt number correlaticn as shown  In
Figure 3, the average steady-state Sherwood number czorresponding
to the given mass Rayleigh number is approuimavely ZZE.
Figure 6 <chows the computed transient Sherwood number
evaluated at the center of the cavity Zdefined by

QM

s oA A
/ODAB—(_- AWA LA 30
where am is the net mass trancsfer nf species A st the center cf
the cavity =and given by
H
- o ] d
QM‘ [/OM(WA WA) /DDAB é)( L: e
—_— [
[s) \r
Mass transfer increases sharply as the convection current reaches
the center of +he zavity and undergces a weak oscillaticn befcre
approaching the steady value cf about 2ZZ. This is in roellient

agreement with the analytical resulb

-

Using +he analogy, solutal bhcundary layer thickress can ke
computed as

- -4
§ ~ HRay 7t = argxio '~ m.

{1E}
This implies +that the ue“ter of the ocontyel volume next to  Lhe
vertical wall should be less than 2.24E-4 m. The present grid
system (8%, =0.0005) does sat 15Fy this reguirement. When vhe grid
size of the conbtrol volume next to the vertical walls was doubled
( OX, =0.001) +the steady Sh number was 170 and when 0¥ =0.00Z,

Sh=97.

X1X-12
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Figure 6. Transient Sherwood number variations (Case 2)

The amplitvode and frequency of Zherwssd number oscillatvions
are much smaller twhan the KHusselt number cs=zillations as shown in
Figure 2. This is Zue %o extremely high Schmidt number (2147
ueed 1In Case Z compared with a smaller Prandtl numbexr (7.0)
used in Case L, VYiscous damping is more proncunced in Zacse 2.

Figure 7 cghows the steady~—cstate flow, tem,ﬂra ure and
ceoncentraticn field for Zase Z.,  lzte thaw the solutal buoyancy
fzroce acts alonz the nezative y-3irvecticn near the left wail. The
magnitude of convecticn is much emallexy +than “he Case 1 and the
momentum  boundary layer thickrness 1s muzh smailer than Case 1.
Furthermcre, sclilutal boundary layer on the ver+tical walls (Figure
TS are confined within ocoe computational cells along the
vertizsal walls,

The mos% peculier aspect cf the flow field in Case 2 is two-
distinc horizontal convetisn layers along the horizontal walls.
There are relativelv Z2ead flow zones between these horizontal
ccnvecticn currents., Figure £ cshows <+thecse peculierity more
clearly. Figure Z2a shcws *the vertical velocity and concentration
rrofiles at 3 hcrizicntal plane a3t bthe cavivy mid-height. Figure
St shows the horizontal velocity and concentration pro f11e= at a
vertical rplane =%t +the mid-width <f +the cavity. Horizontal
velooity disribuvions have dcukle humps. Mass transfer across the
z2vity is however mainly contribuoted by the convection current
near *the Thorizontal walls sinzce the mass concentration remains
mocstly &%t The Izitiszl -e arcund the second velocity mazimum,

Layered ccnvection cculd occour, for example, when a stable
watzer i(savturatel wlth salt) is heated from the side wall. Heat
transfer 4o water coours from the wall by conduction . Heated

XIX-13
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water expands and rises up %o the level where its Zensi%y Tatc
the surrounding density and flows horizontally away frzom the
wall. If +the mass diffusivity =f =zalt Yhrough water is egual =
the thermal diffusiwvity, density zhange 4:ie T neEaT transfer 2
mass +transfer can cancell each other., In Tnis  Casze, lavered
convection can not ocouy. Doukle-2:iffusive flow  Iinvoclves  TWD
distinct diffusion DYCCESSEes with different 2iffzs=izco
coefficiente. The present resulte are somewhat similary *o dcuble-—
diffusive flcw =ituaticn even though mase vransfer i{s the LY
avaiiable diffusicn mechanism. Ne catisfactory phveicel
explanation can be offered av presen%t moment %o explalin  the
layered convecticn in Case Z.
CASE 3. Oppesing combined conmvestion: In this case botn trhermal
and cclutal bunsvancy effects are consilered. The iniwizl flow and
temperature fields are those cbtained in Zzee 1. Soclutal
foyrce acts in the copposite Zireoticn Ho the ~hermal
foroce. Nondimensional parameherys are

£ xi16€ . Pr2mon , S.= 240 ;

NN
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|
D
P .3
©
~
LN
<
N 3
w
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X
3
a W

. . (o] i
q’— 6.3'3 » RAT } Ra"" = ,0'78 Xlo' +

Twec additional nondimencsional parameters are Zefined
compare “he +thermal and sclubal effect=s. Thev are
and the buocyancy ratic

Figure &
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cteady ctate MNusselt number for Case 1 and Sherwood number for
Case 2 are alsc indicated for compariscn. Due to the opposing
buovancy effects, energy and mass trancsfer rates are markedly
dropped compared with a pure thermal and a pure =rlutal cases.
Numerical <soluticns at the end of -:ixmputations were novb cteady-—
state. Small fluctuatiocns in  Eherwood number are due to
fluctuating veleocity field. Qualitatively similar fluctuations
were observed in euperiments. [11

gure 12 shows the gu vasi-steady st

tration fileds at the end of computavion Two convection
can be identified:a slow counter clo cyw15e circulation near
the =o0lid walls due to solubtal effects and a dominany clockwise
csirculation in the rest of the cavity. Overall flow
characteristics are determined by the thermal effects because of
high Lewis number. mem .erature inversion (hotter fluid on top of
cold) ocours at the low er left and top right corner cof the cavity
(Fig 1Cc) due to solutal effects.

ave flow, temperature and
&-

CASE 4. & g combined snvection: 1In this case, solutal

and the +Herma¢ uuoyancy force are acting along

tion. Nondimensicnal parameters are icdentical %o

except the chdn"e in sign for the buoyancy ravio.
~ions are asgain provided by Case I.

bucvancy
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+ reat and mass transfer rave
e in comparis with a pure
Numerizal olutions, in
ibiv the mi fluctuations
-steady-state
ly over Case
v of Case 1.
and <solutal

n
ot
ct
[

[ U

H o
p
i

o

©

o

in =
b

8]

e

T

8]

vt

9]

2
nur m

o
1L
ot

Ko 2

chg won
14
m o

monn
oo
moaow
D I LI o S UL B ]

(o
w
n 0

.,._)
'
ol
(e}
1l
4s
(v

4

a3on ot T
jog

lar the mass
the end of
wood number for
Howevey, MNucssel
unexpectel resu
interacticones, which is

a1
10
ct th b D
1]
M+ Nt
~

=m0

o]
[y
a
([ I o A1 U
i
m ot
m

T m
€
Hw
yFO N
=
Lo}

0

fal

D

oo

Qo0
Q
o
n

-.7" c_:f g cmo
™
m
s

m (L -
=]
En o
R G
roow -
[l ' U CLH tll

T Q
Lk

2]

Bt X m

1]

[u P

. i

g 0
COK o
H M D
o}

[

DN B NI} e o]
B
’.J
t
an
(Sl
D oMW
D mm
Q
th & u.\
ot b

:T
e
l.ﬂ

o (I R T I LR

[e RS IR
»
o

a1}
m
~
n
m
[»]
ot

PU [
m

(=

.

e

i

D
S

-

temperature and
res are similar to
igure 124).

L
[l
|
n
ct
14}

=t M

¥
e

o gLs ]

| AN
[ R
[

)
[T1I) UK
mEm
[N]

0
a
[ ] :j pae
i)
[l o
Sl ) U o
"‘1 Wt
c ot
o~

T
X
{

1
Y
in
m 1
rxj Y
a4
(R PRSI R
[TUR
[ I T]
DN
Q
L <

u
0
U
o

07]
0
’. y]
(™
ot
g
b
[}
9
t
m
~
m
8]
ot
+o
(8]
fa]
n

Trhermal angd

)

Q Hh Hh

interactions more closely,
plane locavted at the mid-
: Figure 13. It can be seen
es result in +the mnegative
“vertical wall and reduced

the pure thermal case.
nts at the left wall are also

i Sdses.

[y
)
m
' ]
m
joga

U] m
3]
2]

N oW
tr Mmoot

o

Wt QN M

Q0K T

m R
o
G N D
ot ot
[ TR 1]
[ I S

]
14
om0 oo

ot 20
m
[m A U}
o o
m

ot oS

=
Do

o R T TR |
PR 2 0 T U I ]

0

o

[ TS AR
&
el

[S LT ¢
[8)
hoD

oo
Fod g g

0 <

0
9]

o

n
(a7
T
¢t ueeHhHhhoQ

[

Le)
<
"

m
<
[ L SRS

0w}
r

o
ML OnN
0 e
m M

Qo+

pae pas
2}
.

Pl e o]
[T e
O S
LS S L= ¥
X

0

TTm
u ]
NE]H
™

Lo
[
Ko
1

[oH

a

(ol

8m
el

1 U

[

Tem

I m

o}

ol
aw
H

3
1]
m N

2
m

[ [

(Wil (o B S« e o T8 1 U

[

£

-

1 m
m N 00O
[» P TR 1

, vertical velocity is increased near the
t+he soiutal buoyancy force as expected.
i

™

=
+
ng

m

[N
v
&

u)
0
[}

v

b by

I

8]

£

1)]

@ e
ms om0
B Ko

ct -
ot
£l
1
4t N
Q0 m

'...1

€

1]
ok
[ S S S o

[agibe B Sl
¥ oQ

vy is actually smaller than that of Case

cit
emaining velocity boundary layer. Temperature
rerains almost identical to Case 1. But

(1

Lo
<
m

Tols
~
m (=N
[N
o
m
b
1]
}.
}.

XI1X-17



€ 9se) 404 SUOI]BJIUIIUOD SSBW-OS | pue
Swiaylost ‘(q) ssaul| wesuls ‘(e) sd40129A A3120(aA djeys-Apeais-isend °q| 24nb1 4

2
-
3
o
<1
Q
Qo
= —/18
- -,
O

:

' .

’ (®)
‘ 13 . . -

SO A I I
,,c"'l~
e
SO B I A

el b

XI1X-18



04 | OF poop PAGE
ALITY
| w20 =0
Pr=07
03 - Pr =50

Figure 1L, Vertical velocity
profiles at an infinite
vertical plane [11]

02 ||

0 /

0

0 I 2 3 4 5 6
concetration gradient is much higher than that of Case Z due to
the increased vertical flow speed compared with Case 2.
Consequently, Nusselt number for this aiding case is slightly
“ower than CTase 1 but the Sherwood number is much higher than
Case 2,

The relocity profiles shown in Figure 13a are similar to
similarity sclutions [1.2 over a vertical flat plate, except the
aiding coase.(Figure 14) Direct cne to one comparison 1s not
possible since two problems differ in geometry and nondimensional
rarameters.

(Shi) Nu£
[
(300) 30 N / N ¢ Case 1)
T D Ty et -
4 ~ep ~ } Case ¢
l 7
el T
(200) 20 1
I Sh ( Case 2)
] ,'
I Figure 11. Transient Nusselt and Sherwood
number variations for Case 4
(100) 10 1|
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(c)

-state velocity vectors (a), stream lines (b),
-mass concentrations (d) for Case &4
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Figure 15 shows the horizontal velocity, temperature and
concentration profiles at a vertical plane located at the mid-
width of the cavity. These results again show that the mass and
heat +transfer across the cavity are strongly dependent on the
interactions between the thermal and sclutal convections and that
opposing and aiding effects can have unexpected influences on the
transport mechanisms.

Effects on Crvstal Growth

Figure 16 shows the temperature and concentration at the
center of +the control volumes next to the right vertical wall,
which might represent the growing surface of a crystal. Highly
ncnuniform temperature and concentration profiles there imply an
uneven heat transfer and crystal growth rate. As expected,
convection enhances the rate of crystal growth significantly over
t+he pure diffusion cases but with detremental effects on the
crystal structure.

Figure 16. Temperature and mass concentration profiles along the
vertical coordinate at the control volumes next to the
right vertical surface
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V. CONCLUSIONS AND RECOMMENTATIONS

Numerical simulations of thermal and solutal buoyancy Zriven
convections in a rectangular cavity are performed by a numerical
model based on the SIMPLE algorithm. Physical parameters are
chosen to represent a possilble crystal growth from soluticon,

Numerical results for a pure thermal convection were found %O
agree reasonably well with a kxnown solution. Numerical results
for a pure solutal convection also agree well with an analvtic
solution in terms of the average Sherwocd number. However, the
velocity field for +the pure solutal convecticon exhibits a
peculier feature which can not be explained. Relatively large
solutal Reyleigh number (1.€7E+10) and an extremely large Schmid™
number (2140) combinatvion migh%t have produced *%the nonphysical
solutions. This has to be checkec more carefully =hysugh further
numerical experimentations.

Overall energy and mass +ransfer rates are seen Lo depend
strongly on the interactions between the thermal and soiubsl
effects. These interactiocns are highly nonilnear and steadv-
state conditions may nobt exisy for certain combined zriones.
To arrive at the more conclusive and guantitative lations,
however, exvers U= lon covering wid g of
nondimensional parameters 3are required.

To investigate the Acuble-3iffusive effec%s on the flow, =2
non-uniform initial solutal distribution in the cavity 1S needed
before +the commencement of heat transfer from side wallis. { The
initial solute concentration was assumed constant for present
analysis. ) This can be easily accomplished by assigning any non-
uniform solute distribution in the cavity.

After rerforming the recommended refinements andc
verifications as discussed above, one can relax the constraints
on the problem formulations, zuch as the interfacial velocity,

segregation effects and the temperavure tcundary zonditicns.
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